Abstract Field resistances (FR) against rice blast are highly evaluated by breeders for their durability, in contrast to the conspicuous but often less durable true resistances. However, lack of eYcient systems for evaluation of resistance has delayed their practical application. Kahei, an upland domestic cv., is known for its very high FR against rice blast. We Wne-mapped its highest quantitative trait loci (QTL), qBFR4-1, using residual heterozygosity of recombinant inbred lines (RILs) and our semi-natural rice blast inoculation/evaluation system in the greenhouse, with comparable accuracy to the true resistance genes. This system enabled reproducible high-density infection, and consequently allowed quantiWcation of the resistance level in individual plants. The target region was Wrst narrowed down to about 1 Mb around at 32 Mb from the top of chromosome 4 in the Nipponbare genome, with the upland evaluation system assessing the F 7 generation of Koshihikari (lowland, FR: very weak) £ Kahei (upland, FR: very strong) RILs. Then, F 9 plants (4,404)-siblings of hetero F 8 plants at the region-were inoculated with rice blast in a greenhouse using the novel inoculation system, and individual resistance levels were diagnosed for Wne QTL analysis and graphical genotyping. Thus, the resistance gene was Wnemapped within 300 kb at 31.2-31.5 Mb on chromosome 4, and designated Pikahei-1(t). By annotation analysis, seven resistance gene analog (RGA) ORFs of nucleotide-bindingsite and leucine-rich-repeat (NBS-LRR)-type were found in the center of the region as the most likely candidate counterparts of the resistance gene. This is similar in structure to the recently reported Pik cluster region, suggesting that most of the other dominant QTLs of the FRs may have similar RGA structures.
Introduction
As disease control of crops is now being required to reduce both environmental and labor costs, as well as to secure food safety, breeding control with disease resistance genes seems to have better prospects than chemical control, although even the latter is also shifting toward the use of inducers of plant resistance, such as probenazole (Iwata et al. 2004) . Resistance against plant diseases can be classiWed roughly into two types: complete (qualitative) or true resistance and partial (quantitative) or Weld resistance (FR) (Ezuka 1972) , although these respective groups of deWnition are not completely overlapping. These resistances were studied extensively in rice against its most serious disease, rice blast disease caused by Magnaporthe oryzae. True resistance is eVective in a very clear-cut way against blast isolates with the corresponding avirulence gene, but often very vulnerable to mutations of that avirulence gene, especially in modern large scale monoculture systems. On the other hand, in most cases although FR allows slight blast infection, it shows eVective suppression of outbreaks and such varieties are highly valued for their durability (Bonman 1992) .
To attain durability, breeding with true resistances genes requires rather complicated strategies, such as multi-line or gene pyramiding. Although the Koshihikari-BL multi-(NIL-)line project, which began in 2005 (Ishizaki et al. 2005) and covers the whole of Niigata prefecture, is having good success at present, it requires a well-organized breeding and race monitoring system and complicated line management, and it is still too early to draw deWnitive conclusions regarding its success. Most FR consists of multiple quantitative trait loci (QTLs), and reconstruction of FR with their combinations is diYcult even with the aid of molecular markers because of the absence of an eYcient and accurate assay system. Although there have been some reports of greenhouse assays of FR (Hayashi 2005) , the main system used for assaying FR is Weld diagnostic testing, which requires a large area for replication and can be performed only once a year. Therefore, Wne mapping or cloning is diYcult, and to date only one recessive blast FR gene has been cloned (Fukuoka et al. 2007) .
"Kahei" is a domestic upland rice cv. found in southern Kyushu, which has very strong FR. Analysis of F 2 plants with F 3 progeny of Kahei £ Koshihikari identiWed qBFR4-1 as the most highly contributing QTL of rice blast resistance located on the long arm of chromosome 4 (Miyamoto et al. 2001) .
As a Wrst step in its Wne mapping, we analyzed a sibling population from those with residual heterozygosity in the QTL region in recombinant inbred lines (RILs), using the upland late-sowing Weld assay and localized it within about 2.2 Mb. This gene was tentatively named Pikahei-1(t), because of confusion regarding the still-formal numbering system of Pi genes. To increase the eYciency and accuracy of the mapping data, we utilized our newly developed blast resistance assay system in the greenhouse , mimicking the natural infection, by placing the testing plants for 4-7 days in an inoculation tent in a greenhouse, with diseased plants as the source of spores. With this system, we could diagnose the symptoms or phenotypes of the individual plants in ten grades, and QTL analysis was performed. Further reWning of the conditions allowed the graphical genotyping of close recombinant individuals. Using this novel resistance evaluation system in 4,404 F 8 heterozygous siblings of RI lines in the greenhouse, we could narrow down the Pikahei-1(t) gene region to within »300 kb. The cluster of NBS-LRR type RGAs found in the center of the region was consistent with our hypothesis that identity of the most of FR components may be the weak type of these resistance (R-) genes.
Materials and methods

Plant and fungal materials
A set of F 4 RILs of Koshihikari (lowland, FR very weak) £ Kahei (upland, FR very strong) with heterozygosity only in the strongest QTL qBFR4-1, and homozygous in other QTL, qBFR4-2, and qBFR4-3 (Miyamoto et al. 2001) , along with the parental strains Kahei and Koshihikari were kind gifts from Dr Miyamoto and Dr Hirasawa of the Agricultural Research Institute, Ibaraki Agricultural Center (Mito, Ibaraki, Japan). From the F 6 generation, siblings of the above RILs, which were conWrmed to be heterogeneous at qBFR4-1, a total of 400 F 7 lines were obtained, and these lines were planted in a segregated upland Weld in June 2003 at the National Institute of Agrobiological Sciences (NIAS) Tsukuba, Japan, for Weld diagnosis as described in the following section.
For greenhouse diagnosis, the F 7 lines segregating resistant/susceptible on upland Weld, set on heterozygous F 6 at qBFR4-1, were grown in a lowland Weld to propagate F 8 seeds. For genotyping of qBFR4-1, about 60 F 8 lines (34 seeds each; F 9 generation) were sown in the grain-seeding mats of a 17 £ 34 hole matrix with resistant (Kahei) and susceptible (Koshihikari) reference lines, and checked for the line's heterozygosity in the greenhouse, as described in the following section. The seeds (F 9 ) of the hetero-conWrmed F 8 lines were later utilized for large-scale screening of close recombinants around the target qBFR4-1 locus. Standard cv. Nipponbare was obtained from the NIAS Gene Bank.
The rice blast isolate Kyu9439013 (047.0) was a kind gift from Dr N. Hayashi of NIAS.
Diagnosis of blast resistance in the Weld
Field resistance diagnosis was Wrst made in the segregated upland Weld by late sowing of the seeds around mid-June. Field diagnosis of the RI lines of F 6 to F 7 generations was done as follows. For each F 6 individual thought to be heterozygous at qBFR4-1, around 20 lines F 7 were selected and their seeds (about 20 grains of F 8 for each F 7 line) were sown in a line 40 cm in length in the segregated upland Weld as shown in Fig. 1 . The line interval was 20 cm, and each of 20 lines was accompanied by reference lines of Kahei (R resistant) and Koshihikari (S susceptible). This set of 22 lines constituted a unit of testing lines, roughly corresponding to an F 6 parent. Four such sets comprised one row and the total Weld accommodated about ten rows. The test was performed with two repeats (in two population), i.e. 20 sets of F 6 corresponding to 400 lines of F 7 were tested in duplicate; in total, 800 of F 8 lines were tested. As spore spreaders, a line of Koshihikari was placed at the north rim of each testing row, apart 15 cm from the rim, and the total Weld was circled with three lines of Koshihikari spreaders. By diagnosing the symptoms of the unit lines of F 7 by overviewing three times from September to October, the heterozygous F 6 sets were identiWed as a population segregating R and S in F 7 lines. Only the obviously susceptible F 7 lines in the segregating F 6 sets, and allsusceptible F 6 sets were selected for DNA analysis for Wne mapping. In this protocol, the plant density was lower than in conventional Weld diagnosis methods. Therefore, the seeds of the important lines were harvestable in autumn even from the susceptible lines.
The leaves of apparently susceptible lines were harvested and their DNA was extracted using a Kurabo NA2000 DNA isolation machine (Kurabo, Osaka, Japan), and then the genotypes of the neighboring DNA markers were analyzed with the High EYciency Genome Scanning (HEGS) system (Nihon Eido, Tokyo, Japan) as described previously (Xu et al. 2005 ).
Diagnosis of blast resistance in the greenhouse
Greenhouse diagnosis of blast resistance was performed according to the newly developed semi-natural inoculation system for screening of blast-resistant mutants , in a greenhouse with a controlled temperature of 17-27°C with a day length of 14 h supplemented with Xuorescent lamps in winter. For inoculation, 2-to 3-weekold seedlings, prepared in grain-seeding mats, were covered in a tent for 4-6 days with a blast-infected seedling mat as a source of inoculating spores at the center, in a pool accommodating up to nine such mats. Daily temperature Xuctuation of more than 5-7°C was important to secure suYcient dew formation at night. After inoculation, the tent was removed and seedlings were grown under the same conditions for a further 2-3 weeks to allow symptoms to develop fully. The inoculated plants were diagnosed on a scale of 0-10 by evaluating symptoms as described in the manual by Hayashi (2005) or as shown in Table 1 around 20 days after inoculation. Conventional spray inoculation as a control was performed according to the standard protocol (Hayashi 2005) for seedlings of the same age as above at a conidia concentration of 3 £ 10 5 /ml with incubation for 24 h in a humid chamber at 25°C at a relative humidity of 100%, but diagnosis was made at 3 weeks after inoculation.
The F 9 generation seedlings obtained from heterozygous F 8 lines, which were conWrmed by checking the genotypes of Xanking markers and segregation of the resistant and susceptible individuals, were inoculated with the rice blast race Kyu9439013 (047.0). Genotyping DNA was extracted from leaves 2 cm in length from seedlings at the age of approximately 1 week after sowing by a high-throughput CTAB method (Xu et al. 2005) . From the selected close recombinants, samples of approximately 5 g of DNA were re-extracted (1 g fresh weight) using a Kurabo NA2000 DNA isolation machine. Thirteen SSR markers from IRGSP (The International Rice Genome Sequencing Project 2005) and Gramene (http://www. gramene.org/) were analyzed with the HEGS system (Nihon Eido, Yushima, Tokyo, Japan) as described previously (Xu et al. 2005) , and six single nucleotide polymorphism (SNP) markers were subjected to single strand conformation polymorphism analysis in an HEGS system (HEGS-SSCP; Xu et al., in preparation) setting the gel running temperature at 6-8°C with cooling jackets (Nihon Eido) connected in tandem to a water cooler/circulator.
Fine QTL analysis
Quantitative trait loci analysis was performed with Windows QTL Cartographer V2.5 (Wang et al. 2006 ) via single marker diagnosis of the leaf symptoms as grade 0-10 described in Table 1 . To clarify the Wne structure of QTL, data of the close recombinants between markers Xanking the target gene were used. The map addresses in megabases were taken from the marker location on chromosome 4 from IRGSP and Gramene. A minimum LOD (logarithm of the odds) threshold of 2.5 was used to indicate signiWcance.
Physical map construction
The physical locations of SSR markers and ORFs were determined in the Gramene marker database (http://www. gramene.org/) and RiceGAAS analysis in RGP (http:// ricegaas.dna.affrc.go.jp/), respectively, in correlation with the close recombinant map constructed as described above and graphical genotyping of the markers. The physical map was constructed on the basis of that of Nipponbare from IRGSP (http://rgp.dna.affrc.go.jp/IRGSP/), again in correlation with the results of close recombinants analyses. The ORFs were also localized on the physical map if SNPs were detected between the parents, to correlate the results with the graphical genotypes.
Construction of Wne SNP markers
Within the physical map, novel markers were constructed by checking the target bacterial artiWcial chromosome (BAC) clones or ORF sequences in IRGSP (ssp. japonica cv. Nipponbare, http://rgp.dna.affrc.go.jp/IRGSP/) by BLAST analysis (http://www.ncbi.nlm.nih.gov) against the complete rice genome sequence. Sequences found to be unique in the genome were used to design primers with Primer3 (http://fokker.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi). Rather longer PCR product size, around 1.5 kb, was preferred to detect more SNPs. The uniqueness of each primer in the genome was again conWrmed by BLAST analysis.
PCR fragments ampliWed from the parent cvs. and conWrmed to be single-banded on 1% agarose gels were Table 1 Diagnosis table of the symptoms of blast-infected individual rice seedlings 3 weeks after inoculation with semi-natural spores spread for 5 days in a humidity-saturated tent
The 3-week-old rice seedling mats in a water-pool were covered with a transparent vinyl or polyethylene tent with a mat of diseased plants as the inoculation seeds. The level of infection was diagnosed 3 weeks after inoculation. Symptom grades 1-6 were determined by the infected leaves that had developed during the period of inoculation, and grades 7-10 were analyzed by the symptoms of whole diseased plants at a glance. The threshold for diagnosis as R or S, here between 5 and 6, was selected to be consistent with the results of graphical genotyping The conWrmed SNPs were selected to redesign HEGS-SSCP primers with Primer3 to obtain a suitable PCR product size (100-300 bp). As far as possible, the SNP was positioned in the center although we did not observe a signiWcant "position eVect" during HEGS-SSCP electrophoresis.
Results
Mapping of qBFR4-1 by upland Weld evaluation of the heterozygosity-remaining population at the locus The most contributing locus to blast resistance in Kahei, qBFR4-1, was Wne-mapped with an upland late sowing Weld test. Seeds of the F 8 generation from 400 F 7 lines obtained from 20 parents (F 6 generation) with residual heterozygosity at qBFR4-1 but homozygous (mostly susceptible) at other QTLs, qBFR4-2 and qBFR4-3, were sown in duplicate as shown in Fig. 1 in a segregated upland Weld for blast resistance evaluation. The sowing protocol was sparser than in the conventional system (Ezuka 1972) to secure harvesting of seeds even from the susceptible lines. The phenotypes of the F 7 lines were diagnosed by overviewing the corresponding lines in the Weld, and 96 clearly susceptible lines were checked for their DNA markers around the qBFR4-1. From the results of graphical genotyping of the close recombinants around the target region, the target locus was narrowed down to a region of 32-33 Mb of Chromosome 4 (http://www.gramene.org), close to the end of the long arm, in the Nipponbare physical map (refer to Fig. 3) . However, further narrowing down of the locus was diYcult because of the unstable Weld condition in the subsequent years, probably due to repeated upland cultivation of rice. As these mapping data indicated that this blast resistance was due to a single resistance gene, it was named Pikahei-1(t)-the Pi-numbering system was avoided due to present confusion due to several uncontrolled gene reports and lack of information of the gene origin and their clustering.
Diagnosis with a semi-natural blast spore inoculating system in a greenhouse
To increase the accuracy of mapping for gene cloning, a novel greenhouse blast semi-natural inoculation and diagnosis system, developed for recessive mutant screening ), was applied for Wne mapping of Pikahei-1(t). The main diYculty in diagnosing Weld or quantitative resistance against rice blast in the greenhouse by conventional spray inoculation with conidia suspension is that the reproducing high density of lesion development is often diYcult even with a concentrated conidia suspension. The novel system described here mimics natural infection by covering the test seedlings with a lesion-developing rice mat as a spore source in a tent for 5-7 days in a greenhouse. With this system, a far great number of lesions developed per leaf within a few weeks from the start of covering (Fig. 2) , thus enabling Wne quantiWcation of the blast resistance of the rice strains. Only covering in a tent without diseased mat after spray inoculation resulted in far less lesion numbers especially on the main targer of 3rd-4th leaves, less than even the conventional humid chamber inoculation, indicating that natural conidia spreading is the key source of infection (Fig. 2) .
For Wne mapping of the Pikahei-1(t) gene, siblings of the residual heterozygotes at this locus were tent-inoculated as described above with the diseased seedling mat infected with the race Kyu9439013. Twenty-one days after commencement of infection, the symptoms of the leaves were diagnosed on the original scale shown in Table 1 , which was constructed from observation of these inoculated populations. The phenotype was clear and consistent with the results of genotyping of markers close to the target region. This system was both consistent and eYcient, and valid even in the middle of summer or winter, seasons that are not optimal for conventional spray inoculation, even with the presence of air conditioner.
From the lowland Weld-propagated plants (F 8 ), lines heterozygous for Pikahei-1(t) were selected in this system as lines with segregation of susceptible individuals at a ratio of 1/4. The siblings from these conWrmed heterozygous F 8 lines, a total of 2,965 seedlings (F 9 ), were used for diagnosis of the phenotypes and genotyping of the neighboring markers. These lines were mostly homozygous in the genome except the target region, enabling stable phenotype assessment.
Fine QTL map and physical map around Pikahei-1(t)
To increase the accuracy of the target region, QTL analysis was performed for the 616 individuals among the above 2,965 F 9 lines with recombination between the distant Xanking markers RM6748 and RM1153, identiWed from Weld diagnosis as described earlier. QTL analysis with the data obtained as described above revealed a sharp single peak around 31.2-31.5 Mb on chromosome 4 between the markers RM 17496 and RM6629, and RM5473 at the crest; peak LOD score of 33 and half height width of about 1 Mb (Fig. 3) . This was also consistent with the expectation that a single gene is responsible for the resistance. The asymmetry of the peak was due to the occurrence of a recombination event on the left side some generations prior to the diagnosed population. Despite selecting the recombined population, the LOD score was comparable to that of the original data of qBFR4-1 of Kahei reported by Miyamoto et al. (2001) . This region seems to be a blast R-gene-rich cluster, including qBFR4-2 of Owarihatamochi (Fukuoka et al. 2003 ) and a QTL from the Oryza ruWpogon referred as Pi37 by Hirabayashi et al. (2005) , indicated as qBRor (t) in Fig. 3 .
Graphical genotyping
Although graphical genotyping with the above close recombinants was mostly consistent with the results of QTL analysis, there were slight contradictions in phenotypes (data not shown). Therefore, an additional experiment was performed with more reWned conditions of elongated infection period and temperature control with 1,495 heterosiblings of the F 9 generation. A very consistent graphical genotype was constructed based on the results of this experiment, as shown in Fig. 4 . From these data, the Pikahei-1(t) gene was delineated again between the markers RM17496 and RM6629, separated by a distance of about 300 kb, in the Nipponbare genome. Considering the genotypes of the close marker genotypes, the threshold value for diagnosis as S or R was set between 5 and 6. The results of diagnosis were highly consistent with the neighboring DNA markers around the Pikahei-1(t), even at the individual level. Only a very slight inconsistency in the phenotype was observed for a single close recombinant, 13-28, but other three recombinants at the same site showed a consistent phenotype (Fig. 4) . Although from Fig. 4 , this diagnosis seems to diVerentiate the R-homo individuals from the hetero Fig. 2 Comparison of leaf blast development in rice seedlings inoculated with the novel semi-natural infection system and conventional spray inoculation. Rice seedlings in the sowing mats were inoculated with the diVerent systems at 2 weeks of growth in a greenhouse after sowing, and the symptoms were checked on the 3rd week. The lesion area index was determined with a Weld resistance diagnosis system (0 no lesion to 10 died out) as described in the Hayashi manual (2005) 
Physical mapping of Pikahei-1(t) in Nipponbare genome
To physically map the Pikahei-1(t) locus in the Nipponbare genome, the above identiWed close SSR markers were "landed" on three BAC clones, OSJNa0058K23, OSJNb0085C12, and OSJNa0053K19, in the Gramene and IRGSP database (Fig. 5) . With annotation by GAAS analysis, 52 possible ORFs were identiWed in the region (Table 2) . These included seven resistance gene analogs (RGAs) with an NBS-LRR domain. By PCR ampliWcation of their counterparts from the Kahei genome, only RGAs 2 and 3 were properly ampliWed as full ORFs, and were located in the central region of graphical genotyping. Counterparts of RGAs 1, 4, and 6 were partially ampliWed, but their graphical genotypes were not related to the Pikaehei-1(t) region (data not shown). RGAs 5 and 7 were not ampliWed from the Kahei genome. The functions of other ORFs were mostly unknown, and only three were probably transposonrelated and were excluded from consideration. Although the RGAs are the most likely candidates, all the possibilities should still be considered, as the dominant FR gene has yet to be cloned.
Discussion
Field resistance, also known as quantitative resistance, especially against rice blast, has been studied and attempts have been made to introduce FR into practical cvs., especially by rice breeders, to achieve durability and wide-spectrum race speciWcity (Bonman 1992) . However, the molecular identiWcation of FRs as genes and introduction into elite cvs. have been hindered by their multigenicity and lack of methods to Wne map the respective constitutive components. Even after dissecting their components genetically by QTL analysis of RI lines, Wne mapping was diYcult 
with the conventional upland late sowing method, because it requires large areas of special isolated Welds for diagnosis, and the number of lines that can be diagnosed in several replicates is still limited; especially, Weld diagnosis can only be performed once a year. We attempted to Wne map the most highly contributing FR QTL of domestic upland rice cv. Kahei in Kyushu, qRBFR4-1 (Miyamoto et al. 2001) Wrst by the near conventional upland late sowing method using the RI lines with residual heterozygosity at qBFR4-1, but homozygous, mostly susceptible, with the other QTLs. By selecting 96 susceptible F 7 lines from this Weld analysis, the tentative locus was assigned to an area of 32-33 Mb from the top on chromosome 4, near the end of the long arm, but a yearly repeat to conWrm the result was hindered by poor Weld conditions, seemingly due to long repeated upland cultivation of rice. Therefore, we applied a new greenhouse diagnosis system to evaluate FR against rice blast. This is a half-natural blast inoculation system in the greenhouse developed for screening recessive blast resistant mutants ) from culture-mutated M 2 rice plant populations (Miyao et al. 2003) . Seedlings 2-3 weeks old were seminaturally infected from diseased plants within a tent with suYcient dew formation caused by daily Xuctuation of temperature of >5-7°C. Spores showed suYciently uniform dispersal without displacing the seedling mats during the covering time. This system worked very consistently and reproducibly, even in the winter or summer both of which are normally avoided as non-optimal seasons for blast inoculation, if the greenhouse temperature control can provide the prescribed conditions. In these seasons, it is often diYcult to achieve reproducible inoculation using a conventional spray inoculation system even in well-equipped greenhouses and with a good humid chamber.
As shown in Fig. 2 , this inoculation system can provide very high-density lesions by increasing the inoculation period (5-7 days) with a high degree of reproducibility, often diYcult in the conventional spray inoculation system. It is possible to achieve any level of infection of the test plants by changing the inoculation (tent-covering) period. Table 3 , and the possible recombination event estimated from 9-87 diagnosed as R-homo in Fig. 4 is shown in parentheses. All annotations of the ORFs and corresponding RGAs are shown in Table 2 . There were seven candidate RGAs (RGA 1-7) as possible counterparts of the actual Pikahei-1(t) in the resistant cv. genome. By graphical genotyping of the RGAs with other markers, only parts of RGAs 2 and 3 were shown to be located in the Pikahei-1(t) region and are shown by blank boxes, and RGAs 1, 4, and 6 were assigned outside the region. RGAs 5 and 7 were not properly ampliWed in the Kahei genome This allows quantiWcation of the disease resistance of the strains or even of individual plants, as shown in Fig. 4 , which is diYcult with the standard spray inoculation method. Thus, application of this system for Pikahei-1(t) enabled diagnosis at the level of single plants, and the mapping resolution could be increased in proportion to the sample numbers. Therefore, QTL analysis ( Fig. 3 ) and graphical genotyping (Fig. 4) were possible in the greenhouse system. Thus, although recombination around the target gene was suppressed, with 1439 samples the Pikahei-1(t) region was narrowed down to within a region of 300 kb (Fig. 5) , around 31.2-31.5 Mb on chromosome 4 from the top end. This region was shifted slightly from the above assigned region based on limited Weld assay data, suggesting insuYcient accuracy in the limited sampling diagnosis. This region is close to other rice blast FR QTLs: one from O. ruWpogon and qBR4-2 from Owarihatamochi. These genes probably form a cluster as in the case of other blast resistance genes, such as Pik and Pita groups. Previously, the number of plants in study populations for rice FR QTL analyses has not exceeded about 300 (Wang et al. 1994; Chen et al. 2000; Bagali et al. 2000; Miyamoto et al. 2001; Fukuoka and Okuno 2001; Sirithunya et al. 2002; Zenbayashi et al. 2002; Fukuta et al. 2004; Tabien et al. 2002; Liu et al. 2004; Talukder et al. 2004 Talukder et al. , 2005 Wu et al. 2005; Nguyen et al. 2006; Sato et al. 2006) . Here, we analyzed Pikahei-1(t) with more than ten times the number of samples than conventional methods in a very short time (»5 weeks), although this was partly due to the strong resistance conferred by . This system will be applicable even for weaker FR QTL analyses and for breeding, using line evaluations in the seedling mats in combination with QTL analysis.
A physical map of the region around Pikahei-1(t) was constructed based on Nipponbare BAC clones (Fig. 5) . The GAAS data of the region revealed the presence of seven candidates of RGAs, probably including the counterpart of the resistance gene in Kahei. The clustering of these several RGAs indicates that this region constitutes a rice blast R-gene cluster comparable to those of Pik or Pita in rice, as suggested by the co-localization of other blast FR QTLs (Fig. 3) . Such clustering of RGAs in the center of the region is surprisingly similar to the Pik cluster region in Nipponbare . By graphical genotyping of these seven RGAs with their SNPs, RGAs 1, 4, and 6 were shown to be located outside of the region (data not shown), probably excluding them from the candidate counterpart list. This also indicates a highly mutable character of this region of the genome, often observed in various R-gene clusters (Michelmore and Meyers 1998) . From these results, as a hypothesis, we are speculating that the most of the QTLs of the conventional multi-component FRs are NBS-LRR type R-genes with weak defense responses than the true resistance genes: i.e., FRs are natural gene pyramiding of WEAK R-genes. That will secure natural suppression of Avr-mutated races by the competition with wild-type races because Avr-mutations are expected to lower the Wtness value of the pathogen. On the contrary, the true resistances may be providing sterile condition without competition, for the Avr-mutated races, by completely suppressing wild-type races, thus making the true resistance less durable.
However, as the possibility of other ORFs as candidate counterparts could not be excluded based on the present results, we are currently increasing the population of hetero-siblings to further narrow down the region. In parallel, a new Kahei genome BAC library is being constructed, from which we hope to be able to clone and identify the Pikahei-1(t) gene by constructing a physical map of Kahei genome around the gene in the near future.
